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ABS”I’RAC’I’

‘1’hc p:]pcr dcscribcs  a sll])clcol)(lllclil)g 110( clcc(ron  bolonlctcr mixer [I]a( Nsc,s
diffusion ralhcr thnn intc.ractions  with phonons as a coolins  Incchar)isln  for the hot
C] CC[l”OJIS.  ‘]’hc bo]omctcr is [i ().]d pm wide niobium microbrid. gc with a length  kss than
0.5 /[]11. ‘1’hc submiuon ]cn.gth  ensures mpid diffLlsiol)  of the hot clcc{mns into contacting
gold filllls. ’I’l)is  llle.cll:]l)is]ll  is bclicvcd  to bc. fast enough to:lllo\\J  lllixclo j)c[:itiol)  with
intcmcdiatc  fwqucncies of several  Gllz,. An electron cooling tinle of55  ps is in fcucd from
l){: lcsisi:tllcc\  ~clsllslc  llll)cr:lttilclll c:isLlrcll)cl)ts,  ill(lic:itillg:l  loll- of fflcqtlcllcj~clo seto
3 G117,.  initial rcccivc,r  Illc;islIrc.]]]e.I)ts  using a two-tuner wavcg,uide  lnixcr confirm
hctcrodync  mixing at 532 G] IZ with an intcrjnc(linte  frcqucmy of 1.4 G] IY,,

IN’I’l<[)I)LJ(:’1  ’ION

II) rcccl)t years S1S dcviccs  have bcc.n  used sllcccssfully  for lo\v noise ustronolllica]
rc’ccivcrs  in the millimc~cr  and submillimctcr  wnvc bands. ‘1’}mre  is a conccm, however, that
tile sll~)crcoll~lllctil)g  energy gap will lilnit tbc performance of S1S ]l)ixcrs at frccjtlencirs
above 1 2’112,. An al[crnativc  to S1S ju~~ctions  above the g:lp frcq LIcncy  t’my bc
sLl]~clc~)ll(lLlctil)g  hot electron bololl~ctcr  mixers , since the response of [hcsc should in
p’inciplc  be as .goo(i :Lbove  the g~lp fl’cqLlcncy  as below. ‘1’lmc  bolon]clcrs  C1O however have
a Jill) itation in the iLltcrmcclia(c  freq Llcncy  (If:) bnndwidth  dLic to (he finite time rcqLlircd to
cool the heated clcctmns. ‘1’his is a sigllificunt issue, since a bandwidth of at least
500- ] 000 Ml ]7, is requirc,d for :lstro[lolllic:~l  obse.rv:ltiol~s. C)(hcr  ~K)UJ>S  [ ] ,2] h:lvc stLldicd
devices where the hot clccttons arc cooled by clcctmn-phonon intcr:Lc(ion,  which for Nb
films ~ivcs a cooling tinlc of -1 IM :IIK1  w lti dl+ff tit :lK)LIIK] 160 MI]Z A rcccivcr Llsit~:
a NbN bolon)ctcr  , however ,  has  rcccnt]y dcrnonstratcd  mixins  at an intc.rmc.di:lte
f~CqLICIKy  of ] .4 ~i]]z [3].

Wc arc investigating a different approach, where the hot electrons arc al Iowcd to
diffLlsc  OLI[ at the ends of the bololnetcr  in(o a contacting nor[na] II)ctal  film. ] f the dcvicc  is
VCIy shol”l,  lCSS th;Ltl 0.5 }(111, the thcl”m] COndLICtal)cC  MSOCiatd  with t]lc (ii ffllsion ])1’OCCSS
c:ll) dominate by a factor of mom than ] () over that duc (o the c]ectrorl-l)llorloll itltcraction,
lcding  10 prc.dic(ccl  intcrmcdiatc  frequencies as high as 4 G] 17,.

O1lC  of the two ob.jcctivcs  with the Illc[lsurcmcnts pl”csclltcd here was to usc the
rcsist;mcc  versus temperature cLHvc of a diffLlsion  cooled bolon)ctcr  (o dctcrminc  its thcnnal
Ct)ndLICtancc,  and to calcul:ite  fronl this val L]c the highest LIS:LblC intcrmcdiatc frequency.
‘]’hc other objccLivc  was to adapt an existing 547 G] ]Y. S1S l“cccivcr  for LISC with ho[ c]cctron
bololllctcrs,  am] to attempt to make hctcmdync  mcmurcmcnts  in this frcqmmcy  regime.



‘1’hc bolomcter consists of a niobium microbridgc  0.14 ~lnl wide ami 10 nm thick.
I)iffcrcnt  devices were fabricated with Icng(bs ranging  fr’oln 0.14 J(H) to 0.5 pnl. “1’hc
le!)gttl was dctennincd  by varying the spacing of (hc :01(1  pa(is that Ovcrltlp the
nllcrxd~ridgc, scc l;ig. 1. All boion)ctcrs were fnbricatd  on 100 PIN thick  fuseci quartz
wafers, which were lappcci (iown to 50 [[m after tbc cicvicc i’onnt~tion.

~’bc firxt step in the (icvicc  fabric:ltion  is tile definition of the base wiring ]aycr,
wilici) was p:ittc.rncd  onto tbc quarl~ substrate using  an optical lift-off process. ‘1’hc ]aycr
consis(s of 1 10 nnl of magnetron si>uttcrui  Nb anti 3(I nnl of cvapor:~tcci  Au. “J’bc dcvicc
lnycr is tl)cn fabrica[ui  by a blanket (imposition of 10 nn] of Nb fol]owc(i by 10 nn~ of Au.
An ctcbing nlnsk of 30 nm of Cl is pat(crnc(i Llsillg c-bcanl  litilography witi] l}MMA,
wilicb defines [k bo]on]ctcr.  ‘1’hc n~icrubri(igc is pro(iLlced  by Ar spLlt[cril~g  of the gold,
followd  by rcadivc  ion etching of (bc Nb with a n~ixturc.  of ~~~lzl;z+  ~l;.j-+()?  . ‘1’bc
chron~iuln etch mask W:IS  subscqmmt]y s[ripi)cci  by :1 conlnlcrcidly  availob]c wet etch. ‘1’bc
100 nnl thick gold lc:ids were evaporation cicpositc(i  using al) c-bcanl  (icfinc(i I’MMA lif(-
off mask. ‘1’hc 10 nnl thick gold l:lycr on top of the Nb bolon)clcr  was ti~cn  rcnlove(i  by nn
Al spu(tcring  step. The finishc.ci  cicvicc.s  were passivatcd  by dc.position of 40 nn] of SiC) in
a lif(-off process.

~Al .CLJI.A’J’l; IJ ‘1’JIIII<MAI . R}; SPONS}{ “I’l Ml;

‘1’hc voltngc  rcsponsivity  of (}]c bololnctcr  can bc written [4] :

(11<s=]- - 1
(VAV)

d~’ c; .(1 -t (/f’ T2)1’2
(I:q. 1)

where 1 is Ihc 1)[; bias cuncnt,  R is tile nlicrobrid,gc  rcsistancc, ‘1” is tbc lcrnpcraturc, G is
tbc thcrma]  con(iuc(mcc  bc(wecn  the  bot ctcctrons an(i (1K thcrlna] b;itb, (i)IIi is ?.n x IIIC

inlcrme~iiatc  frcqucney,  an(i T is tbc tilcnna]  rcsimnsc tilllc (cool in: tinlc)  of the  ho t

clcclrons. ‘1’hc response tirnc is T = C: / G, wilcrc ~; is ti~c electronic specific hc;lt of tbc
bololnctcr.

1 ‘rorn 1 k]. 1 it is clear that the response rolls off [It (k frcqLwncy  :

(Iiq. 2)

‘1’hc electronic si)ccific heat of tbc bri(igc  is given by:

C=y7’V  (J/K) (J;c]. 3)

wi~crc. V is the volL]n~c  of tbc niobiLlrn lnicrobri(igc  an(i y== 700 J/K2Jn~ (cxpcri[ncnt;li  bu]k
V:lillc).



‘1’hc Wic(lclll:\llll-I;r:l112,  law gives lhc ratio of the clec[ronic  t}lcrjlldl  conductivity to t}w
c]cc(rical  conductivity. “1’his pruiicts :

II] our cmc ~<J:j’f~]</i  2. l’his is an cffcctivc  rcsist:mcc that  COI’l”CCK for the distribLltc(i  beat
ciissipa(ion ;in(i for ti~c two i~cat sinks at opposite. en(is of tile microbridge  [4]. “1’hc rcsuiting
vaiuc of tile [i~crmai  response time is f,ivcn bciow, an~i shoLIici  bc uscci in I;q. 1 if it is n)uci)
s]]~;ilicr  (i~;~n the ciectr(~l~-~>ll(~]]oll  tinw.

?\\/], = c/ G\\)\. (s) (Iiq. 5)

“]-he tilcrnlai con(iuctivity  (i can be cstinlnlui  fronl nlcasurins  tile resistance VCIXLIS
substrate, tcnlpcrature  ci~:uacteristic for a bolomcter  :~( (ii ffcrcn( 1X; bias cL]rrcn  K. Iii SLlrc 2
si)ows such d nlc:lsurenlcnt  for a 0.2 pll) long lnicrobricigc. “1’hc power dissiixltc(i in the
(iCViCC  by tbC  ]>~ CLIH”C.Ilt hC:ltS  thC C] CC[l’OIIS  ;lbOVC ti)C SllbSII’2tC  tCIlll)C12tll~C,  the]’d>y

silif(ing (hc 1-?-”1’ cLlrvc.  q’hc sbif( in teny>craturc  for any given R is cqu;ll to tbc (ii ffcrcncc in
(iissipatc(i power (1 12“1< - l~2R) (iivi(iui by G. ‘1’hc (ii ffcrence in (iissipatc(i power versus
tbe silift  in tcnq>cralure  for three pairs of currents (1 I, 12) and scvcrai val~lcs  of R is pio[tc(i
in l;ig.3 . ‘1’hc slope of ti]c fittc(i  curve is tbc cxpcrirncntai  vaiuc of G.

“J’abic 1 compares the cxpcrinlcntiii  vaiLIc  GI~x,  to the Wic(ic111:lllt3-f;r:\117 limiting
Icase Gw1: for lwo bolomcters of different lcng(hs. It a so lists tbc heat conciuc(ivi(y  of tbc

cicctroll-l>}~c>~lol~  interaction GCI.l)l)  = 4. A.’1’~V, where A == 1.1.1010 W/K~Jll~ [5]. A s
silowl)  in the tab]c, the cxpcrilncntai  heat con(iuction  is signific~~ntly  better tl~;ln th[~t of ti]c
cicctl’{)11-J>ilorlO1]  interaction, but it is less thnn ti]:lt  pre(iictc(i  by ti]c Wic~icll):ll]l]-l;l’:lTl~,  iaw.
‘1’i]c cxi~crilncnlai  vaiucs  of the heat conduction lofctbcr  wi~h tile specific Ilcllt ~]ccor(iing  to
}iq. 3 above p,ivc cstinlatc(i II: roll-off frcqucllcics  of ciosc to 3 Cil lz, for bo(h bolornetcrs.

‘1’ab]c 1 : (:olnparison  of cnlcL]l:Itc(i  al](i cxpcrinwnl:l]  vaiucs of thcrlnal con(illct:ince, tinlc
constant  an(i 1 l; roll-off frequency. ‘1’wo c~ilressions  usc(i in creating  the table,  arc
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Mixer mcasuucmcnts  WC.K car r ied  out  using 11 wavcguidc  S1S rcccivcr  for
547 ~] ]z, [6]. ‘]’}lc quartz,  ChipS With  the  bo]omctcrs  w e r e  giucd illtO :1 twc~-tullcr  IIlixcr
block, as shown in J;ig.  4. ‘1’k collt:lcting sliding tllncrs Were mdc from bcrylliulll  mppcr,
and [hc IX and 1}: connections were made by Wire bomjing  IIIC dcvicc  10 (k mixer block
ill]{l  to n l~~iitcl]il~g  circ Llit.  ‘1’IK mixer blocii W:N I]lotlr]td Onto the 4 Kelvin cold sLlrfucc of a
V:lCLILI1lI Cry OSt:l(,  LIS S}1OW11 ill ~;i~. S . A 1 kfl Inct;ll fiin~ resistor in Iherlnai  c-ontact  with
[Ilc mixer biock was  LlsC[i  as a lIGI(C1” to Valy ttlc [Clllpcr:ltllrc  of the bolonlc(cr.  “1’iK
tCIllJK’I”:lt  Lll’C Of thC biOCk  W~lS  IllOIlitO1”C(i b y  tl diO(iC  SCI)SO1’. I] CC:llISC  Of  tCIlll)CI(ltLll°C

gracii  C1lts  iIl  tbc mixer  block. h o w e v e r ,  we folln~i thnt  the Ihcrmal noise  power  in the
intcrnlc(iiatc frccl Llcncy  banci  provi{ic.d  ii nlorc :iCCUratC  Way Of 111 C:l SLlrillg tbc (icvicc
tem]lcratllrc.  No i’CC(i-b:lCk  ]00]) W;IS  JICCdC(i  fol”  thC tCIll~K’IatLII’C  COI)tIOl,  tlS tk di[xic
SC IISO1”  tCIllJ)Cl”;lt L1rC VC1”SLIS  hC:ltCr  VOi(:l~C W:IS l“Cj)l”O(i  LICibjC  [0 Wi(hill  Z() n]K OVCI’ :1 lXTiOd
Of SCVCHI] } 1 0 ( 1 1 ” s .  As ShOWI)  il) };i$5 (bC tJC;H1l f’1’0111 ttlC si~lld SOlll’CC iS fOCLISSC(i  into tk
dlli~l-l~]o~lc  conical fec.dborn  of the n~ixcr block usinp, otT-uxis cliip(icn]  n]irrors. ‘J’wo
fluorogold  in frarc[i filters nrc placed in the bcaln pa[h itlsidc the C1’yOStil[,  to rcLiucc  roon]
tclnpcr:lturc  heat flux into the nlixcr.

‘]’hC  Si~Il:li  SOL1l”CC W:lS  :1 X~X~ Il)Ll]tiJ)]iC1” tht \V:lS  J) Lllll])CXi b y  t\VO (;11111)  OSCi]i;ltOrS

as shown in l;ig.5.  CJLIJII)  1 in Ik fig Llrc  was LISC[i  to pL]IIlp [k multiplier at tbc frcq LwIlcy
f~Lll)ll  1, t h e r e b y  pmviciing  the iocol  o s c i l l a t o r  ( 1  .0) for tbc 1101  cicctron  bolomclcr  a~

6xf&,i,1,  1. “1’hc second Gulln W:is Liscci to illjcct  :1 Smnli amount  of power at fl”CC]LICIICy

fGLlr)ll  2 into lhc multiplier tbrougb  a -20 dlt coupicr. “1’his rc.sLIltc(i  in a d d i t i o n a l  output

power frOm ttlc nlu]tip]icr  a t  a fl”CCjUC1lCy  5Xf(;L1nr1  1+ f(;~l,lr) z ,  thLIS  pl”OViding  il

lllc>[lc)ctllc>lll;~[ic  signal. ‘1’hc rcasoll that we Llsc(i  this scJLwcc  confi~Llrdtion  was that  only mc
IIlllltiplicr  W:ls  availabic for the cxpcrinlcnts. “]’hc frccjucllcics of [k two (iunn oscillators
could bc indcpcndcnl  ly mcmurcci with a frcqmncy  coutlicr (1 ‘ig.5)  .

‘]’ilc ] ,4 ~;]]z inlcrnlcciiatc  frcqLlcllcy  (II:) Systcnl is shown  in };ig..(i  , “1’hc coo]ccj
anl J?lificr  }la(i 11 nolninai  noise tcnlpcratLlrc  of 5.() K, but duc to the ottla”  Components in Ihc
SyStC1ll tb(l tot:ll  ]}; nOi SC tCJllJW2[Lll”C  WIIS bCtWCCll  6.5 :Ill[i 7 .0  K,  (iC])CIKiil)~  011  tbC ]f;
impcdancc  of [k (icvicc  iIl the. mixer  block. S e v e r a l  co]] figmations  of the room tcml)cra[Luc

part oft he 11; systcnl  were LIscd, giving  [otai g:iitl  valLIcs  frolll  the nlixcr to tbc powc.r nlctcr
l“illlgillg fl”olll  go tO ] 0 5  CIfj. ])ill( O f  [llC  ]}; [) Ll(~)llt  l) O\VC1’  W~lS  COLl])]Cd  [0 ii S]) CCtJ”llIll

:lll:lly7.Cr,  tO vcril”y  t}lc  llctcrdync  r e s p o n s e  witt-t tllc  IlloI)ocl)t.OI]]:ltic”  Si~l)ill SOLII’CC.

“]’hC bO]OJllCtCr  LISC(i iIl t h e  IniXiIlg CXpC1’illlCIltS  had il ]CIl~.tl)  Of ().2 }[111,  ill)(i  a W i d t h
of O. 14  ~1111.  “1’hc  nOIIIIa] rCsistilI~cC  W:]S  23.5 f.1. f:ig. 7 shows t w o  1 - V  CLII”VCS.  “1’hc  f i r s t
\\~:ls  ])lc:lsL1l’c(l  ~1~ :1 dip-s[ick  witl)  t}lc (icvicc  imlncrscci  in ]iqui(i hCli LII1l.  ‘1’llC  SCCOllci  wil S

lllCi\SLIIC(l ii~  tl)C  nxcivcr  Cry OStilt,  wbcrc  thC d e v i c e  was  s l i g h t l y  w a r m e r .

‘1’hc rcccivcr  mcasurcmcnts  w e r e  mwic at a IOC:II o s c i l l a t o r  frcqLlcncy  of 5 3 2  GIIY,
wit]] the Sigl)iil  ir~ tb~ Llppcr si(icband,  ‘1’hc temperature ii[ the sensor 011  the oLltsi(ic  of tbc
lnixcr  block  W:IS  4.6 K, but the act Llal tcmpcr:ltLlrc  of tbc  boiomctcr  W:IS  n few tenths  of a
Kcivin lower. f;igurc 8 shows the 11” spc.ctrLlnl for five diffcrcn( freciucncy  scttincs of tbc
SifT,llili ~]Llllll  oscil]a(or. Shifting the lll{~lloctll(>llliitic si~nai frequency cause.s a
collcsj>ol](iillg”  silift in tile ll; spcctrLlm,  w h i c h  silows lht the  response  i s  hctcro(iync.  Wc
i~i S() vcl’i~ld  thnt  t h e  Illcasllrcd  frcq Llcncy  of I]lc ll; Sigl)a]  c(]u:l]s ttlc  (ii ffcl”etlcc  bctwccn  t h e
IllCil  SllrC(i  fIC(JLICIICiCS  Of thC [WO ~ILll)l)  OSCi]j;ltO1’S. “]’hC  llliXC1’  OLltpll[  S]lOWS  il I)lilXill)llIll ilt



a bi:ls  vol(:lgc of aboLI( 0.1 n}V, as shown  in I;ig.9 . ‘l’he fl~LllC  ShOWS (k tot:{] OLltj>Llt
power in (hc in(crnlcdiaic frequency band with and withoLlt  a signal, It also shows onc
pLInlpcd  (with local oscillator power at 532 GI17,) and onc LIIIpLIIIlpCd (no loc:Il oscillator
power) I-V Curi’c. in this lncasLlrenlell(  ttlc  (Otill gain in (hc wnplificr  chain was -94 dIl, not
including the nlisn~:ltch bctwccl] the dcvicc W]C1 the 105 Q 11 ~ systcn).

When the nlixcr block was hcdtd,  [hc nlixcr  oLI(pLl(  signal dccrcascd. ‘1’k data in
l;ig. ] O was pl”cpared  by sLlbtr:lcting  the oLl[put  powers with an(i wi[hoLlt  Sign:l]  at a l’cw
different tcnqx2ratLlrcs<  “1’hc local oscillator and sign:]] power Ievcls were }Icld constant for
(hc Ciata points in (hc figure. As cun bc seen, the nlixcr  outpLlt  fcl] rapid]y as the bo]onlctcr
approached the, critical tcnlpcratLlrc  of the niobium filnl, which was 5 to 5.5 K. ‘1’hc
tcmpcruturcs  in l;ig. 10 were inferred from nlcasLlrclncn(s  of the (hcrmal noise ill the
intcrlncdia[e. frequency bd fron) the dcvicc at zero bias current. I>LIC to snKill uncertainties
in tl]c calibr:ltion  of the intcrnlc.di:itc  frcquc.ncy amplifier chain, wc cstinlt~tc  the systcmntic
error ill (I1c tcnlpcr:i[urc  rcdin!,  s (o bc :ll~l>l”[)xill~:llcly  0.4 K .

When (he device is in tk linlit of snlall heating of (hc electrons above the bath tcmpcraturc.
by the l)C; current, the tcnlpcrdLlrc  in (hc MTic[ic~]l~il]T1-Ir:il~z  law n~ay bc approxin~;ltcd  by
the bath tclnpcrdtLlre ~’~. “1’his leads to o tcnlpcratLlrc incrcasc  for the hot electrons that is
proportional 10 the 1)~ power 1)(), so that (rl’tl-”l’b)  M P() = RI(J2 where ‘l’tl is the. hot
clcdron tcnlpcra(Llrc. “1’hc hot electron tcnlpcraturc  incrcasc  sho Llld bc propor(iona]  to 1#.
lior large 1)~ bias cLlrrcnts  this :i]t]>l[)xilll:ltiO1l is incorrect, IInd instead the Wicdclnann-
] ‘1”:1117  !W ](NI(lS to thC dCJ>CIl(]CllCC  (r] ’t)2-Th2) = ]’()  = ~]02 . “]’his nlcons that for large bi:is
cllrrcnts  the hot electron tcnlpcratLlrc  should incrcasc in proportion (0 10. ‘1’his woLlld  cause
the oLltput thcrnla] noise power fronl the dcvicc  to increase in proportion to 10 itlstcad  of
10?. 7’his linear dcpcndcncc can bc. observed in l;ig. 11 , It should  bc pointc(i  out, tl]at a
]IIIC:lI  dcpclldcl)cc  Of OLltpLlt  noise power With CtlrrCI)t  can :I]SO bc ill(liCdiVC.  of  shOl  llOiSC.
‘1’his requires, however, thut a tLlnnclin~  bwricr is present in tllc  dcvicc.  At this point wc wc
not :twilrc of any SLICh barrier.

s(lMh4Al{Y

‘1’hc resistance vcrsLIs tcnlpcraturc nlcasLlrcnlcnts  of the 0.2 pm long electron
diffusion coo]cd bolonlctcr indicates th[lt the thcrl~~i]l  conductivity is approxinlntcly 18.5
nW/K. ‘1’ogcthcr with ail estimated clcc(ronic  specific heat of 10.2.10- 1~ J/K [his ~ivcs a
thcrmnl response tinlc of 55 ps, leading to an estilnatcd  highcsi  intcrnlcdiatc frequency of
2.9 GIIY.. ‘lhis WOLIICI clcariy
astronon]y. ‘1’hc shorter (O. 14
2.8 G117.

A quar(z. chip with n
wtivczLlidc  block S1S rcccivcr.

bc sLlfficicnt  for hcterodyilc  rcccivcrs for subniillimctcr
pn]) bolomctcr  gdvc similar rcsLllts,  nanlcly 57 ps :Ind

0.211nl ]ong, bolomctcr  was nlountcd into an e x i s t i n g
Mc:lsL1l’clllcllts  Llsillz:l]oc:t]  CJsci]]:ltoJ’:~  ll(]lllolloclll”olll;  ltic

L, . .

source confirm that the bolonlctcr  shows hctcrodync  response at a ]ocd osci]]ator freq Llcncy
of 532 6}]7, :11)(] :111 il]tCrll)C(]i:llC  fI”C.q LICllCy Of ].4 ~l]]Z. ‘]’hC St IOIlgMt llli  Xillg iS SCCII 21!

bias currents slightly above (1Ic non-linearity in the 1-V cLlrvc. The ll; signal oLltpLlt  power
dccrcascs stronpjly  with tcn~pc.rilturc,  which sug:csts  thilt  the hctc.rdync  response will bc.
even stronger with the dcvicc cooled to lower tcnlpcraturcs  th:ln in our present
Jllc:lsllI’cl))  cllts.



At high lJC bias currents the outpu(  noise in the in~crlncdia(c  frequency band
incrc:ises proportionally with the awrcnt, which is prcdictc.d  by the Wicdcnlann-1  ‘ranz law
in [k lar+gc  beating ]in)it. A proportional] (icpcn(icncc  of ot]tpLIt  power on bias current Gin
:11s0  bc cxpcclcxi fro]n a sbo[ noise sollrcc,  but no such source in [be (icvice is known to us
Ht this time.
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l;ig.3:  “J’hc diffcrmcc  in dissipated DC power Al)’plottcc] against Ihc (cn)pcraturc  shift &l:
for three Ciiffcrell(  pairs of R-rJ’ cwrvcs.  Six poin(s  arc plotlcd for cacll pair, corrcspon(lillg
to different rcsis(ancc values. ldcally, all the points woL]ld fall on n s(wight  line through the
Ol”i~il),  thC Sk)]2C of WhiCh WOll]d bC thC thCJ’111:1]  C C )  IldllCtiVity  {i. ‘J’hC d[NhCd ]iIIC  ir) thC  fi~llrC

gives Gljx ~ =- 18.5 nW/K.  ‘1’k data is for :11) 0.2 prn lo]]g dcvicc. “1’hc three 1)~ current
pairs are: &51nA  & 12 U10nIA ( o); ll==lOn~A & 12==15111A  (A); 11=1 O,]]A, 12=201NA ( D ).
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};ig.  11: The I-V curve ad ou[put power in the in(crmcdiatc  frcqLwncy band. C)D this scale,
(I1c non-linear part of the I-V curve is bmcly visible at the lower left corner of (1]c diagram.
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noise.


